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Displacement of CG, by Xe in single-walled carbon nanotube bundles
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The displacement of C£by Xe on single-walled nanotube bundles is investigated with Fourier transform
infrared spectroscopgFTIR) and grand canonical Monte Caf@CMC) simulations. The FTIR experiments
show that CQ physisorption at 77 K produces an infrared peak at 2330 ¢an endohedral physisorption and
at 2340 cm’ for groove/external surface physisorption. Exposure to Xe causes a sequential displacement of
CO, from these sites as shown by an intensity loss of the 233G @eak, which precedes the loss at
2340 cm. The GCMC simulations on heterogeneous and homogenous bundles show thiat&@ohedral
sites is initially displaced by Xe before that in groove/external surface sites. Thgo@glations in each site
of the bundle are taken from the GCMC simulations and used to model the variation of the FTIR intensities as
a function of Xe pressure. The qualitative agreement between the simulated and experimental intensity changes
is good, suggesting that the intensity changes seen in the experiments are relatgdlisp@ement from the
sites indicated in the simulations.
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I. INTRODUCTION Il. METHODS

A. Experimental

Infrared studies in the transmission geometry were per-
formed in a vacuum chamber described previotiskhe

Studying how gases physisorb on single-walled carbon
nanotube bundlegSWNT9 not only yields information

about the interactions of gases with these materials but c NT sample was purchased from Tubes@Rice as a “Puri-

also produce fruitful information about the bundle itself. {04 Grade” suspended in toluene. This sample was produced
Knowledge of how gases access endohedral and interstiti the laser ablation technique followed by acid

sites aids our understanding of the defects present alongjrification!2-14 Infrared samples were thin films prepared
nanotube sidewalls and on how these nanotubes have crygy dispersing the sample directly on a 1 mm thick plane
tallized to form bundles. The effects that common puriﬁca-para”e] CaE window (Janos Techno|ogyand evaporating
tion steps have on access to these sites add another dim@Re solvent in a 120 °C oven for5 min. The background
sion of understanding, because acid oxidation can block siteghsorption of the film was adjusted by adding sample until
through the addition of functionalization. the film had an optical density 6£0.9 near 2300 cit. This

Molecular vibrations are sensitive to their local environ-film thickness gave enough sample path length to allow the
ment, so infrared studies are useful for differentiating mol-observation of physisorbed GQunder the pressures and
ecules in samples with multiple adsorption sitesin this ~ temperatures accessed in this study. Samples were degassed
regard, CQ is an obvious choice for a probe molecule sincein the vacuum chamber at 373 K for 2 h prior to use.,CO
its v3 asymmetric stretch mode has a large infrared croswas physisorbed on the sample at 77 K by closing the gate
section, making it easily detectable with a standard FTIRvalve between the pumping system and the chamber and
spectrometer. In fact, several experimental and computaackfilling the cell to a static pressure. All reported experi-
tional studies have appeared for €@dsorption in SWNTs, mental pressures are uncorrected ion gauge values deter-
so a fair amount of data exists for this systéfr* mined in the main portion of the chamber. After the infrared

Here, we present a joint experimental and computationaintensity growth from CQ physisorption was saturated with
study on the displacement of Gy Xe in acid purified respect to pressure, Xe displacement studies were run by
SWNTs. Both the experiments and simulations show there iback filling the chamber with Xe to a desired pressure. To
a sequential displacement of physisorbed,@® Xe with  test that we were observing equilibrium conditions for the
endohedral and interstitial sites preceding groove/externalisplacement of C@we (i) heat the sample to 300 Kyate
surface sites. Data from the molecular simulations are usedalve still closed after reaching the highest experimental
to model how the experimental IR intensities should varypressure(Pye+ PCOZ~O.8 mTorp; (ii) check with IR that
during displacement assuming Lorenztian lineshapes witicO, is completely desorbed from the sample; afiiil)
spectroscopic parameters for each site set from previougsuench the sample back to 77 K. The cell pressure and the
experiments:*’ The qualitative agreement between theseintegrated intensity for physisorbed G®eturn to within
simulated IR spectra and the actual IR experiments is good;-5% and~15%, respectively, of their values before heat-
suggesting that the sites associated with the IR peak assigimg. Furthermore, we see no redistribution of J@ensities
ments and their intensity variations are adequately reprefrom the IR peaks associated with the different adsorption
sented by the system used in the molecular simulations. sites.
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TABLE I. Classes of Nanotube bundles studied in the moleculatar bundle arrangement. A more detailed description of the
simulations in this work. The diameters are 10.84, 12.20, 13.56potential models and construction of nanotube bundles can

14.92, and 16.28 A for th¢8,8) through(12,12 nanotubes. be found in Ref. 4.
Spectral simulations were constructed by summing three
No. of No. of No. of No.of No. of Lorenztians to produce a lineshape representing the endohe-
88 (99 (10,10 (11,1) (12,12  Average dral, interstitial, and groove/external surface sites in the
Bundle tubes tubes tubes tubes tubes diameterA)  pyndle. The frequencies and full width half maximums
1 5 2 10 5 2 13.56 (FWHMs) for each adsorption site were determined from

tentative assignments made in previous experiments and re-
mained fixed during the simulation at 2330 and 10tm
respectively, for endohedral sites; 2339 and 14cmespec-
tively, for interstitial sites; and 2340 and 20 thhrespec-
tively, for groove sites:* As discussed below, the GQopu-
lations for interstitial and groove/external surface sites are

Adsorption isotherms were computed from grand canonidisplaced by Xe over different pressure ranges, so including
cal Monte Carlo(GCMC) simulations'® The GCMC algo- @ Lqrenztlgn near 2340 cthfor both the_se_ sites can aII(_)W us
rithm consists of three types of moves, namely, translatiod0 differentiate between them by examining the intensity pro-
and rotation of a single molecule, creation of a new mol-file near 2340 crmt with pressure. The mtegra_lted intensity of_
ecule, and deletion of an existing molecule. Moves were atthe Lorenztian for each site in the bundle is set from their
tempted randomly with a 20% probability for translation/ CO2> populations at each pressure, which are extracted di-
rotation and 40% each for creation and deletion. Simulation§ectly from the GCMC simulations.
were typically equilibrated for % 107 moves, followed by E_xpenments !ndlcate_that_the sample degassed at 373 K
data taken for 10moves. The maximum displacement stepet@ins most of its functionality and, as a result, only has a
size was adjusted during equilibration to achieve approxismall fraction of its endohedral and |nt¢r_st|t|al sites open to
mately a 50% acceptance ratio for combined translation ang@S phase molecules. To account for this in the spectral simu-
rotation moves. Canonical simulations were used to calculat@tions we multiply the GCMC determined G@opulations
average energies at a fixed coverage. for the endohedral and interstitial sites of a fully open het-

The Xe—Xe interaction was modeled as a Lennard-Jone8r0geneous bundle by 0.05_ to simulate how the spectra of a
(LJ) potential. The parametets=4.1 A, £/k=221 K) were partially opened. bundle might behave. The value pf 0.05
taken from the literatur& The CQ, and nanotubgcarbony ~ 9ave a better “fit to eye” when compared to experimental
potentials used in this work are the same as that used in og@Pectra than values of 0.10, 0.15, or 0.20. We do not expect
previous workl The CO—CO, potential was taken from duantitative agreement b_etween the spectral sw_nulatlons and
Harris and Yung and includes effective charges to accourf@XPerimentgsee discussion belgwso these scaling factors
for the quadrupole mome#t.The carbon atoms in the nano- are only used to easily simulate how selectively blocking an
tube were assumed to have the same potential as carbons if@itrary fraction of endohedral/interstitial sites might
graphene sheet, with LJ parameters for carbon taken fro,ﬁhange the spectral simulations Wh'en compared to S|mula—
Steele!® Cross interactions were computed from thetions done ona fully open bundle Wlt_hout any su_ch scaling.
Lorentz—Berthelot combining rules. We have ignored anyThese scaling factors should not be interpreted, in any way,
charge-related interactions between .C&hd Xe or nano- @S be!ng a quantitative representation of.how many endohe-
tubes(such as charge-induced dipple dral sites are opened/closed in the expenmental system. The

We have simulated adsorption and displacement on thre'ecise number of opened or closed sites cannot be obtained
different nanotube bundles. Two of the bundles are heterogdy the measurements presented here.
neous, i.e., composed of SWNTs of different diameters. The The experiments on the samples that were heated to
heterogeneous bundles contain packing defects that creaf®0 K indicate that many of the functionalities have been
large interstitial channels, capable of adsorbing both Xe anfémoved and, as a result, most of the adsorption sites in the
CO,. These bundles are similar to those studied by Shi angundle are accessible. Spectra for these samples are simu-
Johnsort® The third bundle is homogeneous, composed ofated by directly using the GCMC populations for a com-
only (10,10 SWNTs. The first bundle contains 18 SWNTs, Pletely open, heterogenuous bundle without any scaling.
ranging in size from 10.84 to 16.28 A in diameter. The sec-
ond bundle contains 25 SWNTs covering the same range of Ill. RESULTS AND DISCUSSION
sizes. The homogeneous bundle contains 16 nanotubes. De-
tails of the bundles, including the number of each type of
nanotube, are given in Table I. The simulation code includes The physisorption of gas phase €6n the SWNTs after
an algorithm for identifying molecules as being adsorbed invacuum degassing at 373 K is shown in Fig. 1. A single peak
endohedral, interstitial, or external sites. This allows for acis seen at 2340 cm from the v; mode of physisorbed CO
curate statistics on the occupation and energetics in theghat gains intensity with pressure until beginning to saturate
three classes of sites. By conducting simulations on bundlest about 5< 1077 Torr. The peak at 2340 cth on the acid
with different packing arrangements, we are able to showoxidized SWNTs has previously been assigned to, ly-
that the effects seen are general and not specific to a particsisorbed in groove sites on the periphery of the bufdiee

2 3 5 12 3 2 13.54
3 0 0 16 0 0 13.56

B. Computational

A. Physisorption of CO,
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FIG. 1. Infrared spectra of COphysisorbed on the SWNTs at FIG. 2. Infrared spectra of COphysisorbed on the SWNTs at
77 K after degassing at 373 K for 2 h. A single peak is seen near7 K after vacuum heating to 700 K. Peaks at 2330 and 2343 cm
2340 cm! from the v; mode of CQ, which gains intensity with ~ are seen before any gas phase,@introduced to the cell. These
pressure. The inset shows the integrated intensity of the IR spectigeaks are due to the physical entrapment of,G®the bundle
from the main figure. The solid line in the inset is only meant as aduring the vacuum heating step. The inset shows the integrated
guide to the eye. The inset shows that the integrated intensity of thisitensity of 2330 critt (solid circleg, 2340 cmi* (open squares
IR peak starts to saturate at aroung 4077 Torr, indicating a fill- ~ and their sun(solid triangle$ as determined by deconvoluting the
ing of sites associated with the 2340 Znpeak. spectra from the main figure with a two Lorenztian fit.

. . . .. . B. Xe displacement of C
SWNTs used in Fig. 1 have functionalities at defect sites P Q

from the acid purification step that can inhibit access to the Xe is a useful species for displacing molecules from
endohedral and interstitial sites of the bunti@egassing at SWNTs and this motivates our use of this technique to fur-
373 K is not sufficient to cause the complete decompositioriher understand CQinteractions with these materidis’

of these functionalities and consequently the IR spectra ofigure 3 shows simulation results for the displacement of
Fig. 1 mostly show evidence for groove/external surface sité>O, by Xe on three different nanotube bundles. The similar-
adsorptiorf-2! Later, we will show that there is some evi- ity of the displacement of COfrom the endohedral and
dence from the Xe displacement studies that a small amour@roove/external surface sites in these three panels indicates
of endohedral adsorption does occur. that the general displacement behavior for these sites is in-

Vacuum heating of this sample to 700 K causes a partiaflependent of the type of bundle chosen for the simulation
decomposition of the functional groups that block access t@nd therefore not model dependent. One notable difference
the endohedral and interstitial sites of the bundle. The IRN Fig. 3 is the complete lack of interstitial site access in the
spectra associated with functionality decomposition on thdyomogeneou$l0, 10 bundle(bottom panel because these
sample used in this paper have been repdtt8dme of the sites are too small to accommodate £ the more realistic
CO, generated during decomposition becomes permanentiyeterogenous bundi¢gp two panely some interstitial sites
entrapped in the SWNT bundle and has been studieé@re accessible, but their populations make a small contribu-
previously*’ tion to the total amount of adsorbed/displaced,G&ee dis-

In order to illustrate how vacuum heating removes func-cussion below The lack of interstitial access in the homo-
tionalities and opens access to new adsorption sites, we egeneoug10, 10 bundle is not necessarily what we expect to
amine the physisorption of Cn the SWNTSs after heating see experimentally, since this homogeneous bundle is not a
to 700 K (Fig. 2). Some intensity is seen at 2330 and realisitic representation of the distribution of tubes known to
2340 cm* due to the entrapped G@resent before introduc- mMake up actual nanotube samples. The results for(10e
ing gas phase CQOto the cell* Physisorption of gas phase 10) bundle are included in Fig. 3 mainly to illustrate that
CO, first causes the shoulder at 23407¢ro gain intensity, ~groove/external surface and endohedral site behavior is not
with the peak at 2330 cmh following. The peak at sensitive to whether a heterogeneous or homogeneous bundle
2330 cm? has been attributed to GGn endohedral site3?  is used for the simulations.

The peak near 2340 crhis more ambiguous and is seen for ~ For further discussion, we refer specifically to the results
both interstitial and groove sit€$:” The similar vy fre-  displayed in the top panel of Fig. 3 for a heterogeneous
quency seen for CQin groove and interstitial sites suggests bundle(bundle 1 of Table)l The endohedral and interstitial
they have comparable adsorption environments. We havaites of this bundle show a rapid loss of €i@ the presence
previously argued that the V-shaped pores created by adj@f Xe with each site losing abOL%t of its initial CO, popu-
cent nanotubes in large interstitial and groove sites are rdation by 1.7<107° Torr. The remaining fraction in these
sponsible for this environmeff. The reason for the similar sites decreases by less than 10% betweernk 107® and
morphology in the IR spectra for the trapped and phys8.0x 10° Torr. In comparision, the groove/external surface
isorbed CQ has also been discussk®f. sites lose less thaé of their original CQ population by
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CO, population with the groove/external surface sites retain-
ing only ~li5 of their initial population. The reason for this
remaining fraction of C® can be explained by considering
the average energy of the physisorbed 0 each of the
sites on the bundl€Table Il). The endohedral and interstitial
sites have the highest total average energies of 318.8 and
339.3 meV, respectively. In comparison, the groove and ex-
ternal surface sites have lower average energies of 258.5 and
252.2 meV, respectively. The total energy includes both
CO,—CO, and CQ-SWNT interaction energies. The
CO,—CGO; interaction is a sum of the van der Waals
(Lennard-Jonesand the quadrupole—quadrupgEolumbig
terms. Table Il shows that the endohedral and interstitial sites
are more strongly bound than groove and external surface
sites and Xe will have more difficulty in displacing the more
strongly bound species. The energies in Table Il are average
energies indicating that the fraction of G@at is displaced
from the endohedral and interstial sites is likely from the
lower end of the energy distribution associated with these
sites. One interesting result in Table Il is no single compo-
nent of the average energy dominates the total energy trends
seen in the different sites. The sum of all the components
seems to be important when evaluating the relative stability
of the different sites at the pressure and temperature used for
the simulations. The importance of this observation is that
one cannot predict displacement orders by the zero coverage
solid—fluid energies only.

A representative IR experiment for the displacement of
CO, by Xe at 77 K is shown for the SWNTs after heating to
700 K (Fig. 4). An initial decrease of intensity at 2330 ¢t
with subsequent loss of the 2340 ¢hshoulder is seen. Re-
sults for bundles that have only been degassed at 373 K prior
to use are similar, but with the contribution at 23307¢m
being far less pronounced.

lines and trianglesas a function of increasing Xe partial pressure.  The intensity changes associated with these Gi€place-
The CQ, pressure is 7.8.10° Torr: (top) on heterogeneous bundle ment experiments are best illustrated by subtracting the ini-
1; (middle) on heterogeneous bundle @ottom) on homogeneous tial spectrum for the physisorbed G@no Xe presentfrom
bundle 3. The tubes making up these bundles are described in Tablbsequent spectra as Xe is introduced into the(défer-
| and their cross-sections are illustrated in the insets.

ence spectruim Figure %a) shows difference spectra for the
SWNT sample after degassing at 373 K. These difference

1.7x10°% Torr with the remaining fraction decreasing by spectra show that the introduction of Xe creates an initial
slightly more than a factor of 10 by 8:010°* Torr.
For each adsorption site there is some fraction of,CO 2340 cm?. At higher pressures, a broad feature at 2340%cm
molecules that are not easily displaced by Xe at the highesiecomes evident. The initial loss near 2230 timdicates
pressures studied. For the endohedral and interstitial sitaat some of the endohedral sites are open for, @@sorp-

this remaining fraction is slightly less the§1of the starting

intensity loss near 2330 cth with a small shoulder at

tion, although this is not obvious from the spectra of Fig. 1.

TABLE II. Average energies from canonical simulations for £& 7.0x 1077 Torr and 77 K as deter-
mined for bundle 2 of Table I.

Fluid—fluid Fluid—fluid
Total average Solid—fluid Lennard-Jones Coulombic
energy energy energy energy
Site (meV) (meV) (meV) (meV)
Endohedral 318.8 218.6 65.2 35.0
Interstitial 339.3 277.0 42.3 20.0
Groove 258.5 235.1 8.7 14.7
Exterior surface 252.2 153.0 57.0 42.2
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FIG. 4. Representative IR experiments of Xe displacement at I I I
77 K on a SWNT sample after vacuum heating to 700 K. The § °
sample cell is initially charged with 421077 Torr before intro- .E P(CO, +Xe) (Torr]
ducing Xe. Xe exposure causes an initial loss of intensity at g 4 _71ox1or’
2330 cm* with loss of intensity at 2340 c at higher pressures. < os | 800 X 107 |
For clarity only three pressures are shown from the experiment. ; 170X 10°
5
To correlate the IR experiments of Figabwith the mo- g A2 ‘2'21?154 . ]
lecular simulations we have used the data from the top panel S "’(f""z)ll-u-‘-"7'°°lx” Torn
of Fig. 3 (bundle 1) to carry out spectral simulationsee T2400 2330 2360 2340 2320 2300 2280
Sec. I). The results for a bundle with only 5% of the en- Infrared Energy (cm"”)

dohedral and interstitial sites open for adsorption are shown
in Fig. 5b). The spectral simulations in Fig(lH show the
same qualitative behavior as the experiments in Hig). 5n
the spectral simulations, the intensity loss at 2330%cat-

FIG. 5. (a) Experimental difference IR spectra for the displace-
ment of CQ by Xe from the SWNT sample with an initial GO
pressure of 7.8 10~ Torr. The sample has been degassed at 373 K

o . . and has most of its endohedral and interstitial sites blockied.
curs from the initial displacement of Gn endohedral sites. Simulated IR difference spectra derived from the GCMC results on

Most of_the _|n|t|al intensity loss at 2340 cthoccurs fr_om a fully open heterogeneous bundtundie 1 of Table ) by scaling
the partial displacement of groove/external surface sit¢ COie endohedral and interstitial populations by 0.05 to mimic a
occurring up to 1.7& 10_6. Torr with the peak at 2339 ¢ pundle with only a small fraction of these sites available for adsorp-
from interstitial CQ making a minor contribution overall. tion and displacement. The initial G@ressure in the simulation is
The large intensity loss centered at 2340 trdominating  7.0x 107 Torr.
the spectral simulations at pressures above® TOrr is
mostly due to the displacement of groove/external surfacsequence of intensity losses seen in Fig) Bre observed
site CQO. except the overall intensity contributions differ, indicating
The qualitative behavior of the experimental and simu-that vacuum heating to 700 K has changed the accessibility
lated spectra agrees rather well. The intensity loss for eachf sites in the bundle. The spectral simulations for a fully
peak occurs in the same relative order and over the sanepen heterogeneous bundle are shown in Figdp).6The
general pressure ranges. The fact that the intensity changsénulations show an initial loss of intensity at 2330¢m
of the experimental spectra are well represented in the simudrom displaced endohedral GOfollowed by a loss at
lations of Fig. %b) by assuming that only 5% of the endohe- 2340 cn* from the displacement of groove/external surface
dral sites are open for CCadsorption and displacement in- site CG, starting at 1.0% 10 Torr. Any loss of intensity at
dicates that these sites are indeed mostly blocked b2339 cm? occurring below 1 Torr in Fig. §b) from the
functionalization with the small open fraction causing thedisplacement of interstitial CQis obscured by the large
changes seen at 2330 chat low pressures. The fact that changes seen for endohedral £& 2330 cm. This occurs
only a fraction of sites are open for endohedral adsorptiommainly because the interstitial species has an initial, CO
could be a result of slight defunctionalization during the population in the simulations that is% of the endohedral
373 K degassing step. Another possibility is that a smallspecies. Overall, the spectral simulations reproduce the
number of nanotubes have very large sidewall defects thajualitative behavior of the displacement experiments rather
allow for endohedral adsorption even though the defect pewell, indicating that the intensity losses seen experimentally
ripheries are decorated with functional groups. As discussedre likely the result of C@displacement from the sites in-
in the Sec. Il, the 5% scaling factor is only intended to illus-dicated in the spectral simulations. Since all the bundles in
trate how the selective blocking of these endohedral siteFig. 3 give nearly identical population profiles with pressure
might affect the IR spectra and is not a quantitative represerfor endohedral and groove/external surface sites, we do not
tation of the actual number of opened endohedral sites.  expect any significant differences by using these different

The difference spectra for G@isplacement by Xe on the
SWNTs heated to 700 K are shown in Figap An initial
loss of intensity is seen at2330 cm?! with a shoulder at
2340 cm? becoming visible at 4.810 Torr. The same

bundle results in the spectral simulations.

As a control experiment, Xe displacement studies at 77 K
were done without exposing the sample to Cahd after
heating the sample to 700 K to test that the peaks at 2330
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a') TorTrrrrrr T dral and groove/external surface sites. The large number of
o these sites with respect to interstitial sites in the simulation
P(CO, + Xe) (Torm) coupled with the qualitative agreement between simulations
§ 0.005 [ 47 X107 | and experiments could lead to the conclusion that the inter-
8 1:ox1or‘ stltla_l S|tes_play an |_n5|gn|f|car_1t role in this system. We urge
S | 1 7x109 i caution with this interpretation. We do see a peak at
2 T e 2339 cm? (Fig. 2) for trapped CQ, which we have attrib-
< 9'2x1o‘ P " uted in the past to an interstitial specfeShe IR intensity
0015 | & (€O, ), ,,,, = 40X 107 Tort| . T . 4
R S ratio of trapped endohedré2330 cm*) to trapped intersti-
2400 2380 2360 2340 2320 2300 2280 tial (2339 cm?) CO, in Fig. 2 is~1.8, which is obtained by
Infrared Energy (cm™) fitting this spectrumd a 2 Lorenztian lineshape. This sug-
gests a similar trapped G@opulation ratio assuming the IR
O L cross section for the molecule in each site is roughly the
§ 0 same. We cannot say conclusively that this ratio mirrors the
£ 05 [ P(CO, +Xe) (Tom) - ultimate CQ capacity for these sites but it does suggest that
8 4L 710x107 i the interstitial sites could have a significant adsorption vol-
< 1.70 X 10° ume in the experimental system if it were completely acces-
3 A8 07X 10° ] sible by a gas phase species. The remaining functionalities
% 2 a207x10° . on the sample may play a role in inhibiting access.
S 25 [ 801x10* e The role that interstitial sites play in gas interactions with
sb.o. . | PUCO, )uyqy =7-00 X107 Torr | SWNTs will likely be very dependent on the sample’s tube

size distribution and processing history. A more homoge-
neous distribution of tubes will likely crystallize into bundles
with smaller and more regular interstitial spaces that do not
admit CG,.. Thermal annealing may also affect how the tubes
pack to form bundles and interstitial sites if this step causes
X 1077 Torr. (b) Simulated IR difference spectra from GCMC re- a _Ie_lrge_decomposition of functiona]ities in.t'.’Odlflced in.inter_
sults on a fully open heterogenous bundizindle 1 of Table ) §t|t|al sites between the tubes during punﬂcatlor} E\(|denc¢
which was used to mimic the vacuum heated sample used in th&! the Iltera_ture has been found both for and against |nterstl-
experiments shown ife). The starting CQ pressure in the simula- tial @dsorption with no clear cut trend with molecular size or
tion is 7.00¢ 1077 Torr. properties’* 782223t is possible that some of the variations
seen regarding interstitial accessibility are largely due to dif-

and 2340 cmt attributed to permanently entrapped £@e  ferences in the samples used for these experiments.

not displaceable. No intensity changes for these peaks are

seen up to Xe pressures of X0 Torr. Since the peaks IV. SUMMARY

at 2330 and 2340 cm from the trapped C@do not go away

after exhaustive temperature cycles up to 700 K and venting The displacement of COby Xe on SWNTs has been

to room air, they also are not expected to be displaced by gdBvestigated with IR spectroscopy and GCMC simulations.

phase Xé&’ The experiments and simulations both show a sequential dis-
We do not expect quantitative agreement between th@lacement of C@ with species associated with endohedral

simulations and experiments for the relative amount o, CO Sites preceding those in groove/external surface sites.

displaced by Xe without a precise knowledge of the bundleSlightly less than; of the initial physisorbed CQin inter-

size distribution in the experiments. This stems from thestitial and endohedral sites is not easily displaced by Xe

simple observation that the ratio of endohedral and interstiwhereas onlyll—5 of the CQ, population is retained in groove/

tial sites to groove/external surface sites is not constant witlkexternal surface sites at the same pressure and temperature.

bundle size. We can illustrate this effect if we approximateSpectral simulations constructed from the GCMC results

the bundle as a simple cylinder. The sum of endohedral andualitatively reproduce the IR experiments for the displace-

interstitial sites should be proportional to the cylinder vol-ment of CQ by Xe. The agreement between the simulations

ume and the number of groove/external surface sites to thend experiments suggests that the sites associated with each

surface area along the length of the cylinder. This means thdR peak and their intensity changes with Xe exposure are

bigger bundles will have a larger ratio of endohedral andndeed the result of C£being displaced from the adsorption

interstitial sites to groove/external surface sites with this rasites indicated by the GCMC simulations.

tio scaling approximately as the radius of the cylinder. This

2400 2380 2360 2340 2320 2300 2280
Infrared Energy (cm™)

FIG. 6. (a) Experimental difference IR spectra for the displace-
ment of CQ by Xe after vacuum heating the sample to 700 K. The
experiment was run at 77 K with an initial GQpressure of 4.0

effeqt is likely yvhy we see IR peaks displaged in the same ACKNOWLEDGMENTS
relative order in the simulations and experiments but with
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the experimental intensity changes seen during Xe displacdacilitate understanding and does not necessarily imply en-
ment of CQ occur because of population changes in endohedorsement by the United States Department of Energy.
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